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INTRODUCTION 
As industrial management becomes increas-ingly aware of' the 
advantages of processing agricultural products near the source of 
supply, the rate of industrial growth in rural areas correspon­
lngly seems to accelerate. Many rural connnunities have already 
experienced the impact of industrial expansion. 
The type of industry which processes agricultural products 
produces large quantities of polluted water and, thereby, imposes 
a significant load upon the wastewater treatment facilities. 
This increased loading alters, to some extent, the ecology within 
the treatment processes employed. The wastewater treatment 
facilities used by a high percentage of rural communities consist 
of stabilization ponds. Some unique problems are often 
associated with alteration or expansion of these ponds in order. 
to provide adequate treatment o In many instances additional 
land for expansion is unavailable. Under these circumstances, the 
aerated lagoon might possibly provide an effective solution to 
expansion. 
Unfortunately, the amount of data available regarding the 
performance of aerated lagoons is somewhat limi'ted. Although it 
is genGrally agreed that aerated lagoons are capable of providing 
subs antial biochemical oxygen demand (BOD) reductions, supporting 
scientific data is needed to determine more exactly the magnitude 
of these reductions. In addition, information is needed to develop 
operational procedures which will result in the best possible 
treatment with the lowest possible cost. 
The City of Marshall, Minnesota, a community of 0,081 " 
inhabitants according to the 1960 census, is located in southvrestern 
Minnesota. The city is'. primarily a commercial center; however, a 
significant number of industrial plants processing agricultural 
products are located in Marshall. The most notable of these from 
a sewage treatment standpoint are an egg-drying and dairy products 
industry, a poultry processing plant, and a rendering plant. 
In the early sixty's officials of the community concluded 
that the existing wastewater treatment facilities, which consisted 
of three conventional stabilization ponds occupying 237 acres, were 
soon to be overtaxed by industrial expansion and general community 
growth. Impetus to alter these treatment facilities arose as 
municipal officials learned that the city was to be the site of 
the newly.founded Southwest Minnesota State College .  
In 1Yo4 the City ot Marshall requested W1at: a tirm or 
consultin.g engineers investigate alternative proposals for 
upgrading the waste·water treatment facilities. In November of 
that year the firm analyzed components of the wastewater str.eam 
and estimated that the total industrial wastewster contribution 
was about 62 per cent and 72 per cent of the total hydraulic and 
organic (BOD) loads, respectively. 
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In addition, the consulting firm along with the City Engineer 
recommended, on the basis of pilot plant studies, that aerated 
lagoons be constructed at the treatment plant site. The wastewater 
vrould then flow through these lagoons prior to entering the existing 
stabilization ponds which discharge to the Redwood River (see 
Figure ·1 ) . Officials of the City of Marshall accepted the 
recommendations of their City Engineer and the consulting firm 
and authorized construction of two aerated lagoons. During the 
summer of 1 967 the contractor completed construction of the 
aerated lagoons. 
This study evaluated the performance of the aerated lagoons 
at Marshall, Minnesota, with three objectives in mind: 
1. To evaluate and compare the performance 
of the aerated lagoons under various 
.operating conditions; 
2. To compare performance with that 
anticipated from pilot plant study; 
3. To formulate recommendations regarding 
operational procedures for the aerated 
lagoons. 
Samples were collected at the aerated lagoons for three 
different operating conditions, designated arbitrarily as trials. 
Infornation regarding these trials is presented in Table le For 
Trial 1 the influent flow had been diverted so that one-third of 
the flow received treatment in the east lagoon while the 
remaining two-thirds was treated in the west lagoon. Samples 
taken at the effluent weir of ea�h lagoon permitted independent 
3 
�r.�tot" 
Aerated Lagnon� 
(not to scale) 
Secondary 
Pond 
59 Acres 
Primary 
Pond No. 2 
72 Acres 
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Figure I. Layout of Westewater Treatment Plant� M�rshRll.-:i. MinnP.�0t:;J 
analysis of the lagoon performance. In Trial 3, one aerator 
operated only from 6:00 a.m. to 10:00 p. m. to represent intermittent 
operation. 
TABLE 1 
General Information Regarding Trials 
Item Trial 1 Trial 2 Trial 3 
Dates of Nov. 21-25- Jan. 23-2ls- Jan. 29 .. dO-
Sample 27-28, J.967 25, 1968 31, 1968 
Collection 
Lagoons 2 1 1 
Operating 
Aerators One in east One in One in west 
Operating lagoon; two west lagoon 
in west lagoon continuously; 
lagoon one inter-
mittently 
5 
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Data concerning flow, lagoon temperature, and ambient air 
temperature �rere collected during- the trials. Laboratory tests 
performed on samples are presented in Table 2. In addition, 
miscellaneous data were collected at opportune times prior and 
subsequent to the dates specified for the trials. 
Test 
BOD 
BOD on Filtrate 
Chemical Oxygen 
Damand (COD) 
COD on Filtrate 
Suspended Solids 
Suspended 
Combustible 
Solids 
TABLE 2 
Laboratory Tests Performed 
on Various Samples 
Influent *Lagoon 
X 
X 
X 
X X 
X X 
Eftluent 
X 
X 
X 
X 
X 
X 
*Sample obtained at six foot depth at  the point on the walkway halt 
the distance to the aerator. 
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REVIEW OF LITERATURE 
In recent years the use of stabilization ponds for treating 
wastewaters has experienced phenomenal growth in the United States. 
In 1903, industries classified into 31 groups relied upon operation 
of 82/ stabilization basins for wastewater treatment (1). 
Engineers have favored use_of this method of treatment because of 
the low construction and operational costs associated with this 
process. 
Disadvantages inherent in the design of stabi l tz-r:ttion ponds 
for waste·water treatment include the relatively large areal 
requirement and the need for impervious soils. Also, in normal 
operation of basins in the northern states, odors are often 
associated with the spring ice break-up. These odors probably 
result from ice-entrapped gases whicl1 are produced under .anaerobic 
conditions. These conditions may develop as the amount of sunlight 
reaching the algae in the pond is reduced by the formation of the 
snow-covered ice (2�111). 
In t�e past few years, many corrnnunities which have relied 
upon the stabilization basin as a mathod of treatment now find that 
their facilities produce odors and fail to provide the required 
treatment due to increases in the volume and strength of the raw 
wste. These increases, in mauy instances, arise from both 
7 
industrial eA'])ansion and general community growth. In many instances 
the lack of available land for expansion and/or the desire for 
greater operational flexibility has stimulated the incorpo�ation of 
supplemental aeration into the stabilization pond process. sa'W}'er · 
(3) stated that, "Historically, aeration was first applied to slmple 
lagoons which had failed to accomplish the desired degree of 
purification and, more often than not, had created serious odor 
problems." 
The engineer currently makes use of one cf three n ethods to 
provide this supplemental aeration. One �thod involves installation 
of the aeration equipment in an existing conventional pond (4.). A 
second method is to reconstruct an existin.g conventional stabiliza­
tion basin to include separate aerated lagoons through which the 
wastewater flows prior to entering the existing pond (5)c A third 
design entails construction of an entirely new installation in which 
the overall biochemical degradation is based upon aerated lagoon 
operation (6). This installation usually includes a final 
clarifier or small polishing pond. The first two methods are means 
of expanding the treatment capacity of existing stabilization ponds ,. 
vhilc the third alternative makes possible a reduction in the areal 
requirement. 
Met�2!_ Aeration 
Eckenfelder (7-206) defined the aerated lagoon as, "a 
basin of significant depth {6 to _12 ft) in which oxygenation is 
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accomplished by mechan ical  or diffused aeration and by induced 
surface aerat ion. " 
In the aeration process, the transfer of oxygen occ�rs 
across the a lraliqu id interface. This transfer is enhanced when 
there exl sts  the maximum surface contact between air and liqu i d  for 
a g iv�n volume of air ( 8 ). 
Thimsen (9- 1 9 )  est imated the transfer of oxygen by surface 
reaer.et ion to  be about 7 t? 1 7  pounds per day per thousand 
squar.e fe_et of l agoon surfa ce at 20° C and zero dissolved oxygen. 
Th L. e s t ima t i on i s  based upon the s im i lar i ty between the degree of 
turbu lence  at the surface of an aerated lagoon with a h igh rate of 
mix ing and that of a shallow turbulent stream. Orford (10 )  
- suggested that for design purposes it may be assumed that the 
surface reaeration rate equal s the benthal oxidation rate. Thus ,  
the des ign eng ineer may neglect oxygen transfer by surf ace 
reaeration as well as  the benthal deposit oxygen demand in his 
est imate of oxygen requ irements for aerators operating in  lagoons 
wi th re la. tively short detent i on t ime s ( Y- 1 9 ) .  
Aeration by means of d i ffusers, a method used most 
e,cterw ive ly in the activated sludge treatment process ,  introduces 
ma ny small  air bubbles  into the wastewater.  One cubic foot of 
a ir in one bubble ha s only 4. 8 �quare feet of contact area ; 
however, when the same volume of a i r  l s  ,. ntr.oduced into wastewater 
as bubbles of the diame ters  (one- tenth to one..,e lghth in. ) commonly 
produced by air d iffusers , the contact or interfac lal area 
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approaches 700 square feet ( 1 1 ). Thu s ,  the large lnterfacial area 
produced in the diffusion process ·offers a means of effect ive 
oxygenation. 
Another method of aeratil� is employment of turb ine aeration 
equipment. These un its disperse compressed air by the shearing and 
pumping action of a rotating impeller ( 7- 13).  The compressed air 
is usually fed to the turbine through a sparge ring located j ust 
beneath the impeller blades (7- 74) . 
Supplemental aeration is also provided by use of surface 
aeration equipment. Eckenfelder ( / - / 5 )  stated that these units 
are of two types, those employing a draft tube and those with 
only a surface impeller. Oxygen transfer in both types occurs 
through a vortexing act ion and from the surface exposure of large 
volumes of wastewater. Turbine operation creates a reg ion of 
e,ctreme turbulence about the periphery of the impeller. This  
turbulence fac i l itates air entrainment by a hydraulic means .. the 
hydraul ic j u..111p ( 12) .  The bubbles created by the hydraulic jump , 
as well as the mass of air drawn into the l iquid at the trail ing 
edge of each rotor blade are primarily responsible for the oxygen 
transfer (13) .. 
Kalinske, in analyzing the power consumption .required for 
oxygenat ion and mixing, concluded that aeration by di ffusion is 
inherently less efficient than aerat ion accomplished by mechanica l  
means (12 ) .  He further stated that the most economical system, 
from a power usage standpoint, consists of mechanical surface 
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aerators and slow-speed mixers ( 12) . Sawyer ( 3) reinforced 
Kal inske ' s  conclusions by recognizing that  mechanical-type 
aerators have been favored in all large instal lations over d lffused 
air because of the greater mixing potential and ·economy of running 
electr ical linas versus air lines over considerable d i stances. 
Al l too of ten the' design engineer relies only upon 
performance ra t i ng s  of the aerator as suppl ied_ by the manufacturer o 
Conway and Kum1ce ( 14 )  emphasized the impor ance of establishing 
performance speci f i cations in the finished aeration system under 
regular operat ion .  In this regard, ·the engineer must be cogn izant 
of the re lative d if ticulty of evaluating the various aerat i on 
devices .  
M!x l� � fil?logical As2e_m .2.f Aerated La�oons 
Thimsen (9-7 ) mentioned that aerated lagoons which maintain 
turbulence sufficient to insure fairly uniform distribution ot 
di ssolved oxyge n and dissolved organic  substrate throughout the 
lagoon usually lack levels of turbulence sufficient - to maintain 
solids in suspension. Thus, the build-up of bacterial cells in the 
form of visible suspended solids is very small . Weston ( 13), 
hcnvever, reported that no sludge deposit ion problems were 
encountered in rel atively large, shallow basins with slop ing side 
va lls. He noted that sludge was not deposited although the hori­
zontal veloc i ty component near the bottom was less than that 
norma ll y  cons idered minimum. Aerator spacings up to 200 ft in 
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basins 1 10 ft wide and 12 ft deep operated most satisfactorily for 
the stabilization bas in process ( 1 3) . 
Sawyer ( 3) considered that the mixing in the aerobic aerated 
system is adequate to prevent sed lmentation of suspended solids ·  
except in very limited areas. This system must not depend upon 
anaerobic phenomena. In'the aerobic.anaerobic basin, turbu lence 
levels maintained in the lagoon ensure distribution of oxygen 
throughout the basin; however, the levels of turbulence are 
usually insufficient to maintain the maj or portion of the solids in 
suspension ( 3) .  As a result, most inert suspended solids and 
nonoxidlzed biological solids settle to the bottom and undergo 
anaerobic decomposition (7-206) . 
Sawyer ( 3) pointed out that many aerated lagoons are 
designed to funct ion as an aerob icaanaerobic system. The aerobic 
conditions which prevail in the upper portion are of sufficient 
depth to intercept and prevent the re lease of the obnoxious 
anaerobic decompos ition products developed at the lower depths in 
the pond. The liquid and gaseous products of decomposition rise 
1 2  
to the s ludge-wastewater interface and circulate into the aerobic 
zone. In this zone aerobic organisms uti lize anaerobic decomposition 
products. 
The aerobic-anaerobic aerated lagoon approaches the total 
oxidat ion concep t to a greater degree than does the completely 
aerobic lagoon. In th e former system, the problem of sludge 
disposal is mlnimi zed, and the eff'luent is often suitable for 
direct discharge to the rece iving water because of the low 
concentration of settleable solids. The aerobic-anaerob ic aerated 
lagoon, however, i s  appl icable only where BOD loadings are less than 
five lbs per 1 000 cubic feet of lagoon capacity because at higher 
load ings such violent mixing is requ i red to satisfy the oxygen 
requirement that sedimentation cannot occur within the lagoon (3) . 
The volume of sludge produced by operat i on of aerob i c  
aerated lagoons , in genera __ l ,  approximates that quant ity produced in 
the activated sludge process. Sawyer ( 3 )  stated that the effluent 
will carry a suspended solids concentrat ion equal to about 50 per 
cent of the influent BOD concentration for wastes in wich the 
maj or portion of the BOD is in the soluble form. He al.>o recognized 
that the oxygen requirements for the aerobic aerated lagoon are 
considerably l�ss per unit of influent BOD than those for the 
aerobic- anaerobic aerated lagoon. Furthe1'"lnore, for basins operating 
in the northern regions of the United States ,  operation of the 
aerobic aerated lagoon permits no BOD storage in the form of 
deposition to be released as added load when temperature later rise�. 
Aerated Lagoons Related to Other Methods of Treatment ---- -------- ---- - - -
Sawyer ( 3) stated that the land requirements for aerated 
lagoons are norma 1 ly from one to 10 per cent of those needed for 
oxidat i on (stabilization) ponds and need not be much greater than 
those often required for high-rate trickl ing f ilters constructed of 
roe �. The land usage for aerated _ basins may equal two acres per 
2 1 9  0 0 9 tOUTH DAKOTA STATE UN I  "" f  TY L I  BRAR't 
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mill ion gallons per day while 40 acres per million gal lons per day 
are normally allotted for convent ional stabilization basins (lj ). 
From stabil ization pond des ign requirements ( 1 6-21, 57 ) ,  it. can be 
calculated that 100 acres of conventional pond would be required 
per million gallons of flow per day. 
Process loadings· of aerated lagoons are from one to 10 lbs 
of f ive-day BOD per 1000 cubic feet per day while load ings 
associated with the conventional activated sludge process range 
from 10  to 25 lbs of f ive-day BOD per 1000 cubic feet per day (Y-1) . 
Thus, in tenns of process loading and area l requirements, the 
aerated _ lagoon method of treatment l ies between t11e activated 
sludge and the stabil lzation pond processes . Aera_ted lagoon 
. treatment, however, offers certain advantages not found in the 
activated sludge process. Construction and operating costs for 
aerated stabilization basin treabnent are approximately 60 and 40 
per cent , respectively, of those for activated sludge · treatment in 
the YO per cent BOD removal range (1 5 ). 
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The trend toward employing aerated lagoons in the treatment of 
wastewaters is  exemplified in the pulp and paper industry. Water 
consumption in  the processing of pulp and paper products amounts to 
some 4 , 000 m illion gal lons per day, a water usage equivalent to a 
po·pu la t i on of 40 m Ullon peop le (17- 368). 
The pulp and paper industry, unt il recently, has relied upon 
three methods of secondary treabnent. In 1963 about 45 and 125 
million gallons of wastewater per day rece ived trickli ng  filter and 
activated sludge treatment, respectively. In add i tion, some 500 
million gallons per day received treatment in lj, 000 acres of 
conventional stabilization ba s ins .  In  1 9 65 the industry relied 
upon aerated lagoons for treatment of about 50 million gal lons per 
day at seven pulp and paper installations . Fifteen other mills  
which discharged a total wastewater volume of some 400 mill ion 
gallons per day were actively considering the aerated lagoon 
treatment  process ( 1 5 ) .  At two of these mills the aerated lagoons 
"'1ere under construction. Aerated lagoon facilities were in .the 
engineering stage at four other mills. The remaining mi l ls 
contemplated operation of aerated lagoons within five years. 
Effluent volume s from the 1 5  plants averaged 30 million gallons 
per day ( 1 5 ) . 
Factors Influencing Efficiency ,2!_ Aerated Lagoons 
A review of the literature related to the performance and 
evaluation of aerated lagoon operation indicated that the majority 
of studies perta ins to industrial · -wastewater treotment. 
Gellman (1 5 )  in 1965 reported on seven full0 scale applications 
of ae�ated lagoons for treatment of pulp and paper mil l  wastewaters e 
These insta llations received wastewater flows from 0. 3 to 35 mill ion 
gallons per day and provided from three to nine days '  retent ion 
in basins occupyi ng  from one to 70 acres .  The largest aerator wa s  
rated at 60 horsepower (HP )  while the total lagoon horsepower 
1 5  
ranged from five to 840 HP. The daily BOD load . per aerator­
horsepower averaged 50 lbs BOD/ HP and ranged from 30_ to 100 lbs 
BOD/HP .  
The aerated lagoon installations wh ich treat pu lp and paper 
mi ll wastewaters demonstrate a remarkable buffering capacity with 
respect to pH as well as' organic influent load. For example , at 
Springfield , Oregon, an overnight loss of o0, 000 lbs of sulfur ic  
ac id to an aerated lagoon system caused only a minor drop in the 
pH of the lagoon (6). At an installa tion .· in Cosmopolis, 
Washington, the BOD loading averaged 90 , 000 lbs per day and 
ranged fror 65,000 to 165, 000 lbs per day depending upon the grade 
of pulp being p:oduced ( 6 ) .  The range of BOD removal efficiency 
for thi s  installation was from 83 to 95 per cent. 
At Springfield , Oregon , lagoon temperatures have fluctuated 
between 64. 4° F and 85. 5° F while influent temperatures have ranged 
from 85 ° F to 105° F. During the colder winter periods , th<3 
0 lagoon temperature dropped to a n  average of 67 F; however, the 
lagoon BOD ren,oval effic iency at  this time was an impressive 90. 7 
per cent ( 6 ) .  The BOD removal eff iciency o f  an installation at 
Park River, North Dakota, ,.ms 90 per cent at organic loadings of 
300 lbs BOD per acre per d ay even when the lagoon temperature was 
less than s° C (4). 
DUring winter operation of facilities at Kamloops, B .  c. ,  
( 1966- 1967 ) ,  the ambient air temperature averaged 33
° F (6 ). 
During a two-\18ek Christmas  vacat fon peri.od when plant production 
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was suspendad,  the aerators were operated to prevent ice build-up in 
the system. The ·daily mean ambient air temperature was only 14° F ;  
however, the effluent temperature of the lagoons stabilized _ at a 
safe 46° F. A frozen layer of foam with a depth of eight to 10 
1 7  
inches probably prevented the lagoon temperature from dropping 
further. Although the lagoon tempera ture remained favorable during 
the mill shut-down, the BOD reduct ion efficiency dropped significantly 
upon start-up. The BOD re�oval efficiency duri ng  the first week 
following resumption of production was only 73 per cent. Although 
the lagoon temperature reached the normal range within a week, it 
took a month for normal BOD removal efficiency (�5 per cent ) co 
return ( 6 ) .  
At an installation in Graf ton, North Dakota, the lagoon 
depth was eight feet within a rad ius of 80 feet  around the aerator (4). 
The remainder of the lagoon nad a depth of three feet. The aerator 
had only one- tenth the needed capacity based upon oxygen . demand. 
Yet, during w inter operation, no ice cover formed wi thin an area 
from 200 to 300 feet in diameter around the aerator (4) . The ice 
varied in thickness from 12 inches at 300 fee t  from the aerator to 
30 inches at 1,000 fee t. In spite of the severe climate, ic ing 
problems with respect to the aerator did not °develop .• 
McKinney and Edde (5 ) reported that the BOD reduction at  the 
Red Bridge, Missouri, installat i on decreased dur ing the winter months 
due to operat ional problems. Ice cau sed the threeehorsepouer 
aerator to overload. This overload strained the dr ive belts, and 
subsequent belt slippage reduced the aerator blade rotat ion (5 ) .  
In December of 19 65 McKinney and Bsnj es (18) present�d 
re sul ts of a follow-up study on the above treatment system. The 
engineers enlarged the basin after six months' operation to a volume 
of 183, 500 gallons. Thus, the lagoon had a horsepower-volume 
relationship of one-fifth horsepower per 1, 000 cubic feet after 
enlargement compared to on�- third horsepower per 1, 000 cubic feet 
prior to enlargement. The authors stated that a minimum of one. 
fifth horsepower per 1, 000 cubic feet is necessary for good mixing 
( 18 ) . They also noted, however, that drainage of the lagoon prior 
to enlargement revealed an organic solids deposition of s ix inches • 
. This deposit ion was undergoing anaerobic decomposition. 
The threeahorsepower aerator was rated a s  capable of 
deliver ing 240 lbs of oxygen per day at 104 revolutions per 
minute {rpm). Field studies indicated that -it  could t1""ansfer 220 
lbs of oxygen per day at a dissolved oxygen content of O. O mg/ 1. 
Under normal operat ing cond itions (7 7 ° F and 2. 8 mg/ 1 dissolved 
oxygen) , however, the oxygen transfer was but 82 lbs per day. 
During th i s  test the power requirement was about 5 . 1 horsepo·wer 
indicating that the uni t  was overloaded (18) . 
To evaluate the efficiency of the system in terms of 
biolog ical reduction, the authors arb i trarily separated the data  
into three groups based upon f low. These data are presented in 
Table 3. 
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TABLE 3 
Performance Data on the Red Bridge , 
Missouri, Installation (18) 
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Average Flow, Average Retent ion Influent Per Cent 
gallons/day Time, Days BOD, mg/ 1 BOD Removal 
1 3, 900 8. 7 37 0 85 
34, 300 3. 5  165 65 
57,300 3. 2  250 78  
A summary of information for selected aerated lagoon waste­
water treatment sites is presented in Table 4. Design details and 
performance data pertaining to these sites are presented in Tables 5 
· and 6, respectively. 
From Table 4 it can be noted that the selected aerated 
lagoon installations were constructed within the last ten years. 
Also, the facilities, in general, possessed polishing ponds or 
secondary c larif iers for removal of settleable soli�s subsequent to 
aerated lagoon treatment. 
From Table 5 it can be noted that a number of the treatment 
installations had aerators which were mounted on floats. This type 
of mounting was used even with aerators up to 7 5  HP in size. Also, 
it appears significant that the lagoon depth for the installations 
ranged from four to 1 2  feet. The detention time in the fie ld 
installations was approximately six days. surface area of field 
facilit ies varied from one to 70 acres. 
Index Reference 
No. No. 
l .  1 5  
2 .  1 5  
3 . 6 
4. 6 
s .  6 
6. 4 
, .  4 
8 .  19  
' 9 .  19 
10. 20 
1 1. 5 
TABLE 4 
General Information for Eleven Selected 
Aerated Lagoon Installations 
Location 
Riegelwood, N. C.  
Ba ltimore, Ohio 
Springfield, Ore. 
Kamloops, B. C. 
Cosmopolis, Wash. 
Park River, N. D.  
Grafton, N. D. 
*Mooresville,  N. C. 
1tWal<e Forest, N. C. 
*Valdese, N. c. 
,.."Red Bridge, Mo. 
Yea,: of 
Construction 
1964 
1963 
1965 
1965 
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-
1963 
1959 
1963 
1960 
Type of 
waste 
Bleached krart paper 
Waste paperboard 
Unbleached kraft 
linerboard 
Bleached kraft pulp 
Bleached sulfite 
pulp 
Potato processing 
and dome st le 
Potato processing 
and domestic 
Texti le mi ll 
Textile mill 
Textile & domestic 
Domest ic 
�·"P i lot p lant stud ies 
Addit ional 
Treatment Units 
Stabil izat ion pond 
Secondary clarification 
Secondary sedimentation 
pond 
Primary clarification 
Secondary clarif ication 
Stabilizat ion basin 
Stabilization basin 
Stabilization basin 
Stabilizat ion basin 
Settling tank 
None 
Q 
Index 
No, 
l .  
2. 
3. 
4.  
5 . 
6. 
7 .  
8 .  
9. 
10. 
1 1 .  
Aerators 
No. and HP 
Fourteen-60 HP 
Four- �0 HP 
Five-7 5 HP 
Four-00 HP ,  Five-1 5  HP 
Sixteen- I S  HP 
0ne-25 HP 
0ne-25 HP 
- - -
- - -
- - -
0ne-3 HP 
TABLE 5 
Design Details for the Eleven Selected 
Aerated Lagoon Installations 
Lagoon Depth surf ace Area 
Mounting Ft Acres 
Float 1 1  7 0  
Float 5 4 
Float 10- 12 21 
Float 10- 12 23 
Fixed 8 5 
Fixed 8 1 
Fixed ,.,s 70 
Fixed 5 600 sq ft 
Fixed 5 600 sq ft 
Fixed - 1, 500 gallon tank 
Fixed 4 1. 18  
*Within a radius of 80  ft  around the aerator. 
De tent ion Time 
Days 
7 
4 
8 
5 
5 
6- 14 
2 
2 
. l 
6. 4 
N .... 
Index No. 
1 .  
2 .  
3. 
4. 
s .  
6 .  
·1 . 
I • 
8 .  
9 . 
10.  
l l .  
TABLE <> 
Loading and Removal Efficiency for the Eleven 
Selected Aerated Lagoon Installations 
Average BOD Load 
lbs/mi l l i on gallons/day Nutrient Addition 
340 Yes 
1000 No 
206 No 
231 No 
8180 Yes 
138 No 
-- No 
7 72 No 
1012 No 
-- No 
264 No 
Aerated Lagoon Per Cent 
BOD Removal Eff iciency 
60- 85 
80 
92 
85-Y2 
83-95  
90  
80 
/4 
90 
/ o  
N 
N 
From Table 6 it can be seen that all installat ions operated 
to produce relatively high reductions in BOD, generally in excess 
of 7 5  per cent. Loading var ied over a relatively wide rang�. 
· Nutrient addition was practiced only for treatment of certa in pulp 
and paper mill wastewaters. 
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EXPERIMENTAL METHODS AND TEST PROCEDURES 
Influent sampling Procedure 
In the analysis of various wastewater streams comprisi ng 
the total wastewater flow, consu l t i ng engineers recogni zed the 
significant industrial effluent contribution ( 2 1) . As prev ious ly 
stated , industr ial wastewate_rs represent a substant ial portion of 
the total hydraulic and oxganic loads placed upon the treatment 
fac ilities. A breakdown of estimated hydraulic and organic loads 
of various wa.stewater components is depicted graphically in 
Figure 2. 
Indu strial effluent was recogn i zed to vary cons i derably in 
volume througho_ut the day. Also, a number of industries 
substantially decreased or ceased operation over the eekend. In 
add it i on, as the avai lab ility of the raw product fluctuated with 
the season, industrial production also varied throughout the year. 
For these reasons influent: samples were collected every hour and 
compos i ted according to flow to obtain a representative daily 
sample. 
The influent to the aerated lagoons was sampl�d at a blow- off 
tap on the forcemain which transports wastewater from the sewage 
l i ft station to the treatment site (see F igure 1 ). The blow-off 
p ipe ,  a one and one-half inch (outside d iameter ) pipe, rises to 
ground elevat ion with a gate valve for flow control. An enclosure 
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FigurP 2 .  Est imated Hydraul ic  �nd Organ ic  Load s o f  Var i ous w� stewater Components � 
{}{ 
(4 x 8 x 6 feet ) was constructed and placed over the blow-off tap to 
house and protect sampling equipment. This enclosure was insulated 
and heated to prevent sampler freeze- up.  
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Flow was directed into the bottom of _ a 55-gallon drum through 
a valved connection. Overflow from the top of the drum was diverted 
via a trench to the diversion channel of the Redwood River. An 
automatic sampler (Sani tary Engineering Research Company, Minneapolis, 
Minnesota ),  in itially act ivated each sampling day at approximately 
8: 00 a. m. , drew samples each hour from the continuous flow of 
wastewater contained in the drum. The influent sampling station and 
apparatus are shown in Figures 3 and 4,  respectively. Each day the 
influent samples so obtained were delivered to the sanitary 
engineering laboratory at South Dakota State University where they 
were proportioned accord ing to flow to obtain one composite sample . 
Effluent Sampling Procedure 
Pertinent data concerning the aerated lagoons at  Marshall, 
Minnesota, is presented in Table 7 .  Because the combined volume s 
of the lagoons would provide several days• detention time and the 
aerators would provide considerable mixing, grab samples were 
considered adequate for evaluation of aerated lagoon effluent 
quality . 
F igure- 3. Enclosure OVer 
Influent sampl ing Stat ion 
Figure 4. Influent 
sampling Apparatus 
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TABLE 7 
Pert inent Data on the Aerated Lagoons (22 ) 
-
Item East  Lagoon We st _Lagoo1;1 
.... 
Volume, mil lion gallons 1 . 9 1 0  1 . 9�0  
Side Wall Slope* 2 : 1  2 : 1 
Liquid Depth, ft 1 1  1 1  
No. of Aera torsfrico 1 2 
* Horizontal to vertical rat i o  
** Aerators are 40-horsepower, column-supported , Infilco units 
Effluent samples .were taken at the effluent weir of each 
aerated lagoon. Samples were collecte.d each morning at approximately 
· one to two hours subsequent to the initial activation of the influent 
composite sampler.  At the completion of each trial an additional 
effluent sample was collected approximately one to two hours 
subse quent to the col lection of the last inf i.uent samp.le . Thus, 
effluent samples were obtained at the beginning and _ end of each day 
for which influent samples were collected. Labora tory tests were 
performed on each effluent sample . For use in calculations such as 
BOD removal effic iency, the average test values for the effluent 
samples encompass i ng a particular inf luent composite sample were 
used. 
To determine the variat ion in effluent BOD and COD throughou t 
the day as ll as the prec i sion of laboratory determinations ,  
effluent samples  were obtained from the west lagoon at appropriate 
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times of the day on March 19 , 1968. On th i s  day both lagoons and all 
aerators ere operat ing with the west lagoon trea t ing two-th irds of 
the total f low. Dupli cate COD analyses were made on each sample. 
For the BOD test tr ipl i cates w�re run on selected samples. The 
results of this testing are found in Append ix I .  
Temperature Mea surement 
Amb ient a ir temperature read ings for the days in each trial 
were obta ined from personne l who were employed by KMHL, the local 
radio stat i on in Marshall. These ind ividuals noted and recorded 
the instantaneous temperature on the hour from 6 : 00 a . m. to 
midn ight. The thermometer was a Taylor instrument and was attached 
to the north side of a tree at the transmitter s ite. In th i s  study 
all reported ambient a ir temperatures are the average of the h igh 
and low readings obta ined for each day. 
For measurement of wastewater temperature in the nera ted 
lagoons, a cont inuously recordi ng instrument was placed on the 
aerator-platform access walkway at a d i stance h.a l f  way to  the 
aerator. The temperatures were tat en at a liquid depth of four 
feet. Each mo�n i ng  a sample from the lagoon or lagoons under 
investigat ion was obta i ned at a l iquid depth of six feet. The 
temperature of the samp le was determined us ing a laboratory 
thermometer. The temperature recorder wa s then adj usted, i f  
necessary, to  record that reading obta ined from the laboratory 
thermorne ter.  
·Dtar ing the first trial, in wh ich both aerated lagoons were 
operat ing, the temperatures of the samples taken from each of the 
lagoons did not differ by more than t 1° c. Thus ,  for the f irst 
trial, the temperatures in each lagoon were 1--eported as ident ical. 
All lagoon temperatures which are reported are the average 
temperatures calculated ·from the cont inuous temperature records. 
The reported value for a particular day was calculated from 
temperatures recorded during the influent sampling period. 
!!2! Measurement 
Flow measurements for the tr ials uere tal<en from charts 
of a magnet ic flow recorder located at the sewage l ift  station.  
In an attempt to determine the adequacy of the magnet ic 
flow recorder, a stage recorder was installed in the weir box at 
the site of the stabil i zat ion ponds on September 14, 1967 . The 
veir box, wh ich was located at the terminat ion of the forcema in, 
contined five-90° "V" notched we irs. Two t ime per iods of flm-1 
measurement, each encompassing one hour, were selected for 
compar ison. During these periods, the flows determined from the 
magnetic flow recorder and the we ir compared within three per cent. 
Laboratory � Procedures 
The COD determinations were conducted according to 
procedures prescribed by Standard Methods £2£ � Examination of 
Water and wastewater (23  - 510 to .514 ) . The technique and 
procedure for determination of the BOD was also in accordance with 
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the above reference ; however, recommendat ions of technique described 
by Sawyer (24-279 ) were followed. For the latter two trials some 
influent and effluent samples lrere refrigerated for 24 and 48 hours, 
respectively, pr ior to analysis. 
Solids determinat ions were based upon use of a Millipore 
filter apparatus as described by sawyer and McCarty ( 25 - 441 ). A 
glass f iber filter (Reeve' s  Angel- Grade No. 934aAH) of 4 . 2 
centimeter diameter was the _filtering media . For suspended sol ids 
determinations drying was at 103-105° C for at  least two hours. In 
the determination of suspended combustible solids the sample was 
ignited at  600° C for at  least 20 minutes. The sample size mi lch 
was filtered through the media in the majority of cases was 25  
. milliliters. 
3 1  
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RESULTS  AND DI SCUSS ION 
Influent compos ite test results and the average effluent test 
results for each day of each trial are found in Appendix  I I. Because 
the tr ials represented aerated lagoon performance under different 
operat ing conditions, comparisons made of the trials considered the 
effects which varying oper·ati ng  cond itions had upon mix i ng and 
oxygen requirements. Also, var iat i on of the lagoon temperature with 
d ifferent trials was considered for comparative purposes . 
�.solved Oxy� in � System 
On Wednesday, January 24, 19 68 , samp les were obtained duri ng 
Trial 2 for determinat i on of the dissolved oxygen concentration in  
the system. These samples were col lected abou t  45 feet from the 
aerator. During this trial the west erated lagoon treated the 
total flow with opera tion of only the hiest aera tor in the lagoon. 
Samples �rere obta ined from the surface, the six foot depth and near 
the bottom using a Kemmerer sampler. At the t ime of sampli ng  the 
ambient air temperature and the lagoon temperature a t  a depth of 
four feet were 3° and a° C, respectively. T�e dissolved oxygen 
concentrations at the surface, the six f.oot depth and near the 
bottom were 1. 4, 1. 2, and 1 . 2 mg/ 1, respective ly.  
Eckenfe lder e.nd 0 1 Connor (26-45 )  stated that the mi nlmum 
d issolved oxygen requirement for most· heterotroph t c  bacter ia found 
in - biological wasta treatment systems is 0. 2-0. 5 mg/ 1. Furthermore, 
the rate of · oxygen ut il i zat ion was reported as  independent of 
oxygen concentration above the se levels. Because the oxygen . 
concentrations in the lagoon were all substantially greater than 
these requi red  minimums, even with j ust one aerator in  operation, 
it appeared that oxygen was not a limiting factor during winter 
operation. 
Mixing i n  th,!_ System 
On March 19, 1 9b8 ,  ve loc i ty �asurernents were made in the 
aerated lagoons . At this t ime both lagoons and all aerators were 
operating with the east lagoon receiving one-third of the total 
flow. Measurements at various liquid depths were taken from the 
walk"way using a w. and L. E. Gurley electric current meter. 
Loca tions on the walk-way ... at distances of 22 and 44 feet from 
the aerator ., were chosen for velocity measurement. For each 
measurement the magnl tude of the velocity in feet pE:!r second (fps) 
was the average over a 30a second interval. 
Figures 5 and 6 show the magnitudes of the velocit ies 
measured in  the east and west lagoons. From Figure 5 it can be seen 
that the minimum veloc lty was about 0. 07 fps. This velocity 
occurred at dep ths of six and 10 feet at a distance which was 
44 ft  from the aerator. From Figure 6 it can be seen that the 
min 3.nmm veloc ity -was about O. 3 fps at the four foot depth and at a 
distance which was 44 f t  from the ae�ator. At distances of 22 and 
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Ve loc i ty 
Ft/  sec 
2 .  
1 . 5 
1 .  
o .  
� 
22 ft  from aerator 
Note : One-40 HP �PrP. t0r i nsta l led 
and orera t ing . 
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Depth , feet 
Fi gure 5 ..  Ve loc i ty at  Vc1r i m1�  Dep ths :tnd Locat i 0T's  i n  F.ast Lagoon on Mnrch 19 , 1 968 - � 
2 .  
1 .  5-\- � 
Note : Two-40 HP aera tors i ns t 3  l led 
and opera t i ng .  
2 2  f t  from aer�tor 
Ve l oc i ty 1. 
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0 . ; 
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IJ.' 1 
Dep th , f�et 
Fl �ure 6 .  V� l oc i.ty g t  V� r. i N1� T).0 !)ths n nd Loc� t i ons i n  We st Lagoon on March 1 9 ,  1 968_  � 
44 f t  from the aerator in  the west lagoon, the ve loc i ty wa s 0. 38 and 
0. 44 fps at depths of e ight and 10  ft, re spe ct ive ly. 
A revi ew of the l iterature concerni ng  grit chambers ind i cated 
that these uni ts ara desi gned to remove non-putresc ib le materia l s  
which have subsiding ve loc ities substantial ly greater than those of 
organic putresc ib le so l ids (27- 5 7 ) .  Des ign of these chambers i s  
genera l ly based upon. control l ing the vel oc i ty of f l ow with i n  the 
range of O. 75 to I .  25 fps., a_nd as close a s  possible tc 1 .  0 fps 
(2 /- oY ) .  Babb itt and BatL�ann (Zti-4 31 ) stated chat t or sed imentation 
tank des ign a ve loc ity of f low of about one fpm ( 0 . 01 6 7  fps )  i s  
des irab_le , a l though f ive fpm (0 . 083 fps )  has been used in some 
large ba s ins.  
It might be concluded that, in genera l , the non- putrescible 
materials  settled i n  the lagoo_ns for the operat ing cond i t ions 
ma inta i ned during the ve loc i ty-measurement study. Al so ,  most of 
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the organic sol ids  were probably ma inta ined i n  suspens i on� A greater 
percentage of organi c  sol ids  probab iy tended to set tle in the east 
lagoon because thi s  lagoon had lower ve loci t ie s  and abou t  hal f  the· 
pow"'er level (horsepower. per ba s in vo lume ) of the we st lagoon. 
For the operating cond i t ions wh ich occurred dur ing the tr ial s ,  
the p ower l eve l s  for mixing ( i . e . , aerator horsepowe,: per bas in 
volume ) are presented i n  Tab le 8 �  For al l tr ia l s  the lagoons 
provided power leve l s  for mixing whi ch v-'8re above the m i nimum leve l  
o f  0� 02 HP/ 1000 gal lons reconunended by Barnhart (29 ) .  Al so,  
Eckenfe lder ( 7- 209 ) stated that  aerator spac ing of up to 200 fee t 
at power levels of 0 . 015  to 0. 02 HP/ 1 000 gallons of basin volume 
permitted sufficient mix ing to en sure un iform di ssolved oxygen 
concentrations throughout the basin. 
TABLE 8 
Power Levels for Mixing 
for the Tr ials 
Tr ia l 
1-East Lagoon 
1-West Lagoon 
2 
3* 
Horsepower/ 1000 
gallons of basin 
vol me 
0. 0203 
0. 0402 
0. 0201 
0. 0335 
·* Horsepower based upon a l�ighted ar ithmetic 
mean of the following daily operating schedule: 
1 6  hr at 80 HP, e i.ght hr at 40 HP 
In general, it might be concluded that there was organic 
solids'  deposition in l imited areas in the e ast lagoon which 
operated at a power level of 0. 0203 HP/1000 gallons. The min imum 
ve loc ity in the west lagoon (0. 3 fps )  was greater than its  -counter ... 
part in the east lagoon (0. 07 fps ) .  Comparison o f  F igures 5 and 6, 
however, ind icates that the twofold increase in the power level of  
the west lagoon over that of the east lagoon did not s ignificantly 
increase the velocity at the points  where measurements we re taken. 
3/  
Winter -Operation Experience 
Unfortunately, from the standpoint of this invest igation, the 
Marshall locale experienced a relatively mild winter in 19 6 7-- 1968 . 
As a result, only one extended cold period developed. During this 
period - from December 31, 1Y67 through January 4, 1968 .. much of 
the industrial load upon the treatment faci 11 ty wa·s .reduced 
considerably because of Christmas and New Year holiday _shutdotms.  
Also, on one day within this �perlod both aerators which had been 
operat ing in the lrest lagoon were turned off for a period of 
approximately nine hours so that aerator adjustments could be made. 
Thus, samples ,rere not obtained during . this cold period. 
Wind velocity data were obtained from the radio station for 
the days compri sing this cold period. Instantaneous wind velocity 
read i ngs re taken by radio station personnel at the t imes 
temperature readings were noted. From these data, the most 
frequently occurr ing wind velocity was used to compute the average 
effect ive amb ient air temperature for each day under inve stigation. 
The calculat ion involved adj ustment of the average air temperature _ 
(i . e. ,  the average of the high and low temperatures) to that air 
, temperature exper ienced in a calm ( zero wind velqcity) envirorunent. 
The chart used for conversion of actual air temperature to effective 
air temperature was that developed for and used by the U. s. Army 
(see Appendix I I I ). 
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In Table 9 amb ient a ir and effect ive amb ient a ir temperatures 
exper i enced during the cold per iod from De cember 31 , 1 967 to  
January 4,  1968 are presented . 
TA,.'3LE 9 
.Amb ient- Air Temperature s Duri ng 
· the Cold Winter Per i od 
. Te!!!,Eera_£ure -°F 
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Date High Low Average Average Effect ive 
12- 31  0 .. 20 - 10 - 14 
1- 1 16 - 11 2. 5 - 2  
1- 2 - 5  - 1 3 -9  - 17 .4  
1- 3  6 - 1 7 - 5 . S - 1 3 . 6 
1-4 -2 -20 - 1 1  - 19. 6 
From Tab le 9 i t  can be seen that the e ffect ive a i r  tempera ture 
ranged from - 2  to - 19 . 6°F dur ing the cold winter per i od. Dur i ng 
thi s col d  per i od al l f l ow was treated in the wast lagoon where two 
aera tors were opera t ing . No s igni f i cant lee fonnat ion was 
exper ienced at  t ime s of extreme ly co ld weather. 
In general , duri ng  the winter large b locks of  i ce f ormed 
bet-ween the i ce sh ie ld  and the p iers w i ch support�d the aerator 
p latform. Thi s  i ce format i on, however, presented no operat i ona l 
prob lems . Figure 7 shows such a forma t ion on an aerator in  the 
west lagoon. When only one aerator was operated in the west lagoon 
F igure I .  Ice Formation 
Around an Aerator 
Figure tl. Winter Operating Conditions 
Showing Frozen Foam Layer 
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(Trial 2) ,  a layer of frozen foam for.med and covered approximately 
40 per cent of the surface area of the lagoon. This condition is 
depicted in Figure 8 .  
Genera l Analys i s .£!. Removal Eff i ciencie s  
Consideration of the relat ionship between the BOD removal 
efficiency and the detent ion time revealed that the eff l e t.ency 
generally increased as the detention t ime increased. However t the 
BOD removal eff iciency was more d irect ly related to the BOD load 
upon the system. In general, the COD removal eff ic iency did not 
appear to vary consistently with detention time or COD l oad to 
the lagoons. 
In Table 1 0  the average detention time , i nfluent BOD l oad , 
and BOD removal efficiency for the trials are presented ., Fr·om 
Tab le 1 0  it can be seen that the BOD removal eff ic i ency i n  the 
east lagoon was 10 per cent greater t hen that in the west L. goon 
for Trial 1. The greater detention time in the east lagoon 
probably aided in the attainment of the greater removal eff iciency ; 
however, the organic load was lower in the east lagoon. 
4 1-
TABLE 1 0  · 
Average Values  of De tention T ime , 
Inf luent BOD Load , and BOD Remova l 
Eff i c i.ency for the Tr ia l s  
4 2  
Trial  1 Tr ia l 1 Tr ia l Tr ial  
Item East Lagoon Wes t  Lagoon 2 3 
Detention Time , days 4 . 88 2 . 46 2 . 04 2. 06 
BOD Load , lbs 1 , 949 3 , 8Y l  3, 541 4, 703 
BOD Remova l 
Eff i c iency, % 70. 8 60. 8 62 . 2  5 3. l 
Operat i on of one aera tor during Tr ial  2 provi ded for BOD 
remova l eff i c i enc ies s imi lar to those a tta ined dur tng Tr ial 1-West 
·when two aera tors operated. Thus,  for inf luent BOD l oad ings 
approximat i ng 3, 600 lbs per day with lag9on temperature s approx imat ing 
45°F, i t  was concluded that one aera tor opera t ing in the we s t  lagoon 
prov ided BOD removal s imi lar to that achieved by opera.t i on of two 
aerators .  
The detent i on t imes for  Tr ial s  2 and 3 -were e ssent ia l ly the. 
sa.i..-ie ; however, the BOD remova l eff i c iency for Tr ia l 3 was 9 . 1 per 
· cent less than that for Tr ial 2 . The BOD load for Tr ial  3 was abou t 
1 3 3  per cent of that for Tr ial  2 .  The lagoon tempera ture duri ng 
Tr ia l 3 (42. 8°F)  was 4 . 1 °F less than the lagoon tempera ture dur ing 
Tr ial 2. Thirnsen (9- 5 )  stated tha t ,  accord i r� to the van• t Hoff­
Arrhenius re lat ionsh ip , for an increase in lagoon. tempera ture of 
10°c the ra te of  b iochemi cal  oxidat ion would doub l e .  In personal 
correspondence ( 30 )  Thimsen noted that,  "Some observers of aerated 
lagoons are of the op i nion that the microb ial  populat i on changes 
cons iderab ly witn decrease i n  tempera ture to the extent that . the 
react ion rate coeff ic ient ,  k i s  not affected a s · greatly  as  wou ld be 
i nd i cated by the van' t Hoff-Arrhenius equat ion. " Thu s ,  because the 
lagoon tempera ture dur ing Trial  3 was o0c and only 2 . 3°c less than 
that dur i ng Tr ial  2 ,  i t  might be concluded that the lower l agoon 
tempera ture dur i ng  Tri a l  3 d id not have a great effect on BOD . 
remova l e ff ic iency. The lower eff i c iency of Tr ia l 3 was primar i ly 
due to the increa se i n  BOD l oad . 
In swmaary, ana lys i s  of Table 10 i ndicated tha t  BOD remova l 
eff i c iency was h igher when there was a lower organi c (BOD) l oad 
_ upon the system. Figure 9 revea l s  the re lat ionship between BOD 
remova l eff i c iency and the organic  load on the system ( lbs  of 
inf luent BOD/m i l l i on ga l lons of bas in volume/ day) for average tria l 
eff i c ienc ies and load i ng s .  The equat ion was. der ived b y  the method 
of least square s for a l inear re lat i onsh ip ( 3 1- 195 ) .  
The COD remova l eff i ciency d id not appear to  vary 
cons i stently with the COD l oad upon the system. The remova l 
eff i c iency expre ssed  i n  terms of COD was apparent ly i nf luenced , to 
a great extent, by the su spended sol ids concentrat i on in the 
lagoon eff lue nt .  
I n  Tab le 1 1  the average va lue s  of COD removal eff i c iency , 
lagoon eff luent suspended sol i ds ,  and lagoon eff luent COD 
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concentrat i ons for the tr ia l s  are presented.  The average COD removal 
eff iciencies  were less than the average BOD remova l eff i c i enc ies for 
a l l tr ia l s .  The average COD remova l e f f i c iency ranged from o. 5 
(Tr ia l  2 )  to 1 1 . 0  per cent (Tr ial  3 )  less than the correspond ing 
BOD remova l e ff i c iency. 
Item 
. COD Removal 
Eff ic iency, % 
Eff luent sus.  
Sol id s ,  mg/ 1 
Effluent COD 
mg/ 1 
TABLE 1 1  
Average Va lues of . COD Removal Eff i c ie ncy � 
Lagoon EffJuent Suspended So l ids,  
and Lagoon Eff luent COD Concentra­
t ions for the Tr ials  
Trial Tr ial 
1 Trial  
East West 2 
5 6. Y 50. 9 55. l 
362 4 1 8  268 
5 3 3  602 39 7 
Tr ial  
3 
�6. 1 
4 19 
648 
From Tab le 1 1  i t  can be seen that the eff luent COD concentra­
t i on increa sed wi th an increase in the eff luent suspended sol id s. 
Because mixing i n  the aerated lagoons appeared to be adequa te , a 
substant ia l por t i on of the suspended so l ids  were ma i nta ined in 
suspens i on in  the lagoons and u l t imate ly d ischarged as  e f f luent . 
Because a s ig ni f i ca nt amount of these e ff luent so l i ds were probably 
microb ial  in nature , they were chemi cal ly oxid i zab le and ,  thu s ,  
measurab le by COD test  procedure � That the COD removal eff i c i ency 
wa s  subs tant ial ly less  than the BOD remova l eff i c iency ind i cated 
that the se eff luent so l i ds represented a microb ial mass not read i ly 
oxi d i zed bi ochemical ly. 
High concentrat ions of microb ial  sol ids i n  the lagoon 
system may be expected to be benef i c ia l .  A review o f  the data 
(Append ix I I ) revealed that inf luent BOD var ie d  widely dur i ng the 
several tria l s. Thi s was to_ be expected from a Sinal l communi ty 
wi th severa l industr ial wa stewater contribu tors. By compar i son , the 
eff luent BOD se l dom var ied more than 30  mg/ 1 dur ing a par t icular 
tr ial .  Thi s  provided ev idence that a shock organi c  l oad to the 
system d i d  not appear to a l ter  drast ica l ly the eff luent BOD. 
Compar i son of Performance .!.!El �  Ant i c ipated 
from Des i�nCal cula t i ons 
Des ign Cons idera t i ons. The aerated lagoons a t  the Narsha l l 
wastewa ter treatment p lant were des igned on the bas i s  of . the des ign 
equat i ons and procedure proposed by Thimsen ( 9 ) .  The lagoons , i n  
comb ina t i on with the exi st ing stab i l i za t i on ponds ,  �re des i gned to 
treat adequate ly the wastewater loads ant ic ipated over a per i od of 
twenty years - from 1965 to 1985 .  Base d upon current des ign 
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pract i ce ( 1 6- 5 7 ) ,  it  was est imated that the two pr i�ary stab i l i za t ion 
ponds ( see F i gure 1 )  occupying a tota l of 178 acre s  cou ld adequate ly 
treat the wastewater at a maximum load ing of about 20 l b s  of 
i nfluent BOD per acre . 
In November o f  1 9 64 i t  was est imated that the average organi c 
load upon th treatment system was 4 , 350 lbs  of inf luent BOD per 
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day ( 2 1 ) .  I t  was a l so no ted at th is  t ime that the maximum production 
periods  of the maj or industries  occurred a t  d ifferent t ime s of  the 
year. For des i g n  purposes  it was assumed tha t  only the large t 
industr ia l BOD contributor to  the wastewater would operate at  
maximum capac i ty wh i le other industrie s opera te at average capac i ty. 
Thus , the des i gn data deve l oped ind icated that in 1985 the average 
f low and organic load to the system wou ld approximate  2 . 0 mi l l i on 
gal lons per day and 5 ,9 7 0  lbs  of inf luent BOD per day ,  respect ively. 
Because the stab i l i zat i on ponds cou ld  be loaded at 3 , 560 lbs of 
influent BOD per day (20 lbs per acre ) ,  the aerated lagoons were 
. de signed to  remove 40 per cent of the organ i c  load a t  des ign 
capac i ty ( 5 , 97 0  lbs BOD/day and 2 . 0 mgd ) .  
To e ffect  the requ ired BOD remova l two l agoons o f  approx i­
matel y  equal vo lume were constructed. It was contemp lated that one 
lagoon wou ld trea t the wa stewater dur ing th� summer when the lagoon 
temperature approximated 24°C ,  the temperature of the was tewater in 
the forcema i n  dur i ng the study in November, 19 64 ( 2 1 ) .  Dur ing 
winter cond i t i ons b oth lag oons were to treat the wastewater.  For 
the se condi t i ons it was est imated that the wa ste,vater temperature in 
the lagoons would approximate 10°c. 
Dur i ng the p i lot p lant study, wastewater from the forcema in 
was treated in a cyl i ndr ica l tan.I.< having a vo lume of approx imate ly 
1, 200 ga llons. Air was suppl ied to the p ilot plant by a diffused 
a ir  apparatus. From th is  study, reaction rates for the pilot plant 
treatment system were determi ned. 
The reaction r ate was calculated from a first order react ion 
which descr ibes the BOD removal relationship. The mathemat ical 
expression, presented by Thimsen (9-7 ), presumed that the microb ial 
populat ion functions in  the decl ining growth phase. 
dL 
dt 
Equati on 1 
where L .  5-day BOD concentrat i on, mg/ 1 
t ss time, days 
K1 • aerated lagoon react ion coeff ic ient 
per day, base e 
From the above equat ion, express ions for calculation of the react ion 
rate and the detent ion time were deve loped (Y-9 ) .  
Equat ion 2 
where kl . K1/ 2. 3  • aerated lagoon reacti on coef f ic ient 
per day, base 10 
L0 a influent BOD, mg/ 1  
Le . effluent BOD, mg/ 1  
t • detention t ime, days 
t .,, E 
2. 3k1 ( 100-E)  
Equation 3 
where E .  efficiency of BOD removal, per cent  
4 8  
Barnhart ( 29) noted that the BOD removal relat ionship 
expressed by Equation 1 was applicable to aerated lagoons treat ing 
mixed canning stes. Bennett (32) also relied upon the equations 
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used by Thimsen to express BOD removal eff lc.iency. He stressed that 
the reaction coeffic ient In the equations is that for aerated la.goons 
and not the familiar react ion rate developed from the laboratory 
BOD test . 
Not only the BOD test reaction coeff ic ient but also the 
aerated lagoon react ion coefficient are based upon the monomolecular 
concept when the latter coefficient is associated with a f irst order 
reaction equation. Although a constant per cent of the oxid izable 
material ava ilabl e is oxidized per unit time i n  each of the above 
environments, the reaction rate in the aerated lagoon ls  much higher 
because of the _high concentration of microbial mass represente by 
the mixed l iquor suspended solids in the aerated lagoons (9- 7 ) .  
Bennett (32) noted that the K1 for aerated lagoons treating domestic 
sewage varies from 0. 3 to 1 . 0 . For comb i ned treatment of industrial 
and domest ic wastewaters, the K1 was found to be greater than that 
value for domest ic sewage per � (32) .  Barnhart indicated that this 
react ion coeff icient, K1, may range from 0 . 3 to 3. 0 (29). 
The procedure followed in pilot plant ·study was to note 
influent and effluent BOD, temperature, and detention t ime for 
several tr ials with varying temperature and detention time. The 
pilot plant react i on rate, k 1, was then calculated from Equat ion 2 
for each detent ion time and the correspond ing te erature . 
Then, using the BOD removal efficiency requ ired at the end of the 
des ign period, the detent ion time was solved by Equat ion 3 for the 
pilot plant reaction rates. The reaction rate used for design 
purposes was that which yielded a detention t ime calculated by 
Equation 3 in closest agreement with the detention t ime for the 
react ion rate in the pilot plant study. 
For the aerated lagoons at Marshall, the reaction rates 
used for design were ca lculated from the p ilot plant reaction rate 
for the trial in which the detention time was two days and the 
t t 12
oc. empera ure t-1as The react ion rate at 20°c, 0. 263, was 
ca lculated from the sel ected p ilot plant reaction rate using the 
following equat ion (9-13 ): 
k
t m k20 e 
(t-20 ) Equation 4 
where kt - the reaction rate, k1 , at temperature 
t0c in the aerated lagoon 
k
20
• the reaction rate,  k1 , at 20
°c 
t - temperature in the aerated lagoon, 0c 
e .  1 . 0 1 2  
Knowing. the react ion rate a t  20
°
c the react ion rates for design 
0 
lagoon temperatures of 24 and 10 C were calculated by use of 
Equation 4. · The reaction rates for 24 and 10
°c v,ere 0. 34 / and ·  
0. 1 32 ,  respect ive ly. 
Ant ic ipa ted � removal Eff i c ienc ie s .  Organic  loads upon 
the treatment system of 4 , 820 ; 5 , 600 ; and 5 , 9 7 0 lbs of inf luent 
BOD per day \-Jere est imated for 1965 , ·19 7 5, and 1985 ,  re spe ct ive ly. 
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The required BOD removal efficienc ies for these loads were 26. 2, 
36. 4, and 40. 2 per cent, respectively, if the maximum loading on 
the stabilizat ion ponds was not to be exceeded. 
Using the design react ion rate of 0. 263 for a lagoon 
temperature of 20°c and a e value of 1. 072, reaction rates for 
lagoon temperatures experienced during the trials were calculated 
from Equat ion 4 .  The anticipated BOD removal efficienc ies were 
then calcula ted for the trial s in this study us ing Equation 3. 
Table 12 shows the results of these calculations along with the 
actual BOD removal efficiencies. All values in the Table are 
average values for a trial . 
La.goon 
Temp. , 
TABLE 12 
Anticipated Reaction Rates and BOD 
_Removal Efficiencies for Tri als  
Detent ion React ion 
Time , Rate, Efficienci2 
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Trial oc Days k1  Anticipated Actual 
1-East 1 . 3 4. 88 O. lOY 55. 0 70. �  
1-We s t  7 . 3  2. 46 0. 109 38. 1 60 . 8 
2 8. 3 2 . 04 0. 1 1 7  35 . 4  62 . 2  
3 6. 0 2. 06  0. 099 31. 9  53. 1 
Comparison of the anticipated BOD removal efficiencies with the 
actual BOD removal efficiencies shown in Table 12 indicates that 
performance BOD removal eff iciencies were considerably greater than 
anticipated. The actual removal effic iencies ranged from about 
53 to 1 1 per cent whereas the anticipated removal efficiencies were 
55 per cent or less. 
Performance React ion Rates. Comparison was made of the 
anticipated aerated lagoon react ion rates with the performance 
reaction rates calculated from· Equation 2 .  Table 13  prese.nts the 
anticipated reaction rates for the trial s, the mean performance 
reaction rates, and the r ange of these values for individual days 
during a trial.  
Trial 
1-East 
1-West  
2 
- 3 
TABLE 13 
Comparison of Ant icipated and 
Actual Lagoon Reaction Rates 
Mean 
Anticipated Performance 
Reaction Reaction 
Rate, k
1 
Rate, kl 
0. 109 0. 238 
0 . 109 0. 278 
0. 1 1 7  o .  '347 
0. 099 0. 326 
Range of Perform-
ance React ion 
Rate, k1 
o. 190-0. 240 
0. 204.:.0. 320 
o. 279-0. 5 34 
0. 131-0. 558  
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From Table 1 3  it can be seen that the minimum value of the 
reaction rate for all trials was greater than the reaction rate 
anticipated from pilot plant studies. This suggests that greater 
emphas i s  should be g iven to attainmant of similitude between pilot 
plants and the aerated lagoons. Also, the reaction rate for days 
during a trial var ied over a considerable range .  This variation in 
reaction rate was probably the result of fluctuation in temperature, 
influent BOD, and detent ion time from day to day. 
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Primar ily because the re action rate varied over a considerable 
range, it �ras concluded that, for design purposes, the determination 
of the reaction rate in pilot plant studies shou ld be based upon a 
number of trials. During these trials it appears desirable to 
_ vary the influent organic load to the system over the range which 
is expected to be encountered in the aerated lagoons. 
CONCLUSIONS 
The following conclusions were drawn from the evaluation of 
thG aerated lagoon system treating domestic and industrial �reste­
waters at Marshal l, Minnesota : 
1. For all operat ing condi tions under evaluati on 
the dissolved -oxygen concentration in the 
lagoons was above the minimum desired dissolved 
oxygen level of 0. 2 - o. s mg/ 1. 
2. For a ll trials the power levels for m ixing 
were adequate. All solids were probably not 
in suspension ; however, there was essent ially 
.complete liquid mixing (i . e . ,  uniform 
distribution of the wastewater and good 
dispersion of oxygen) . 
3. No significant mechanical d iffictlties were 
experienced during severe winter conditions. 
Ici ng was not a problem at an average 
effective air temperature as  low as - 19. 6°F. 
4. During the winter cond itions BOD remo.val 
efficiencies ranged from about 7 1  per cent to 
5 3  per cent, and COD removal e,ff  icienc ies 
ranged from about 57  per cent to 36 per cent . 
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5 .  The relationship between BOD removal · 
efficiency and the organic load on the 
system (lbs of influent BOD per day ) was 
found to be more sign i ficant than. the 
relationsh i p  between BOD removal efficiency 
and detention time. 
6. BOD removal efficiencies and reaction 
rates for the- lagoons were considerably 
greater than those anticipated from pil ot 
plant study. 
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OPERAT IONAL RECOMMENDATIONS 
1. It i s  suggested that only the west aerated lagoon remain 
operational in the near future. Because detention time did not 
prove to be of uni que s igni f icance for adequate BOD removal 
efficiency, this lagoon affords adequate treatment of the 
wastewater for f lows experienced during the study. Also, -
during the winter months, flow through this lagoon will better 
insure that a relatively high lagoon temperature is mai ntai ned. 
In addition, the second aera tor in the west lagoon may be made 
operational if the dissolved oxygen level approaches minimal 
leve l s  during the warm summer months. 
2. The east lagoon should be partially filled over the winter 
months. During the summer, the east lagoon should be kept full, 
and the aerator should  be operated period ically to maintain an 
aerobic environment. 
3. Periodic determination of the BOD of the aerated lagoon 
effluent is reconnnended for operational control, and 
determination of eff luent characteristics at the d i scharge 
point i n  the secondary stabilization pond 1s encouraged. 
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APPENDIX I 
COD and BOD Test Results on Effluent 
Samples Obtained from the West 
.Aerated Lagoon on 
March 1 9, 1Yo8* 
COD 
Time of Collection 
5: 30 a. m. 
6: 30 a . m. 
8:45 a . m. 
1 0: 00 a. m. 
1 1  : OO a. m. 
1 2: 00 noon 
1: 00 p. m. 
2: 00 p. m. 
BOD 
Time of Collect i on 
5 : 30 a. m. 
8:45 a . m. 
2 : 00 p. m. 
COD mg/l 
620 
600 
490 
480 
530 
530 
680 
660 
5 1 0  
500 
480 
530 
470 
4 70 
440 
440 
BOD mg/ 1 
1 7 0 
181  
205 
1 36 
1 37 
14-1 . 
123 
127  
143 
*Duplicates and triplicate s ware run for COD and 
BOD determinations, - respectively. 
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APPENDIX I I  
SUmmary of Test  Re sults for Var i ous  Trials 
Trial  1 - East Pond 
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Date at start of 
Influent Sampling 
Tue sday 
Nov. 21 
Saturday 
Nov. 2 5  
Monday 
Nov. 2 7  
Tuesday 
Nov. 28 Average 
Flow to lagoon, 
mi l l i on ga l lons/day 
Detent ion t ime , days 
Average a ir tempera­
ture, Opl 
Average Qond tempera­
ture, OpZ 
Inf luent BOD, mg/ 1 
Effluent BOD, mg/ 1  
Filtered effluent 
BOD, mg/ 1 3 
Influent COD, mg/ 1 
Eff luent COD, mg/ 1  
Fi l tered eff luent 
COD, mg/ 1 3 
Eff luent susP.ended 
sol ids , mg/ 13 
Effluent suspended 
combus t ib le sol i d s ,  
mg/ 1 3 
o. 429 
4. 58 
34. 5 
48. 0 
5 63 
1 65 
1 122 
530 
81 . 5 
379 
286 
0. 349 
5 . 65 
3 1 . 0  
46. 8 
658 
1 74 
13 . 5 
1852 
560 
89. 0 
354 
270 
0. 424 
4 .  65 
1 8. 5 
38. 7 
575  
16 1  
10. 5 
1 1 19 
5 10 
7 5. 0  
350 
260 
0. 427 
4. 62 
9 . 5 
47. 5 
5 1 3  
1 7 0  
1 3. 0  
1079 
533 
7 8. 5 
36b 
277 
- 0 .407  
4. 88 
24. 9 
45. 2 
57 7 
1 67 
10. 9 
12�3 
533 
81. 0 
362 
27 3 
1 .  Average of max imum and minimum a ir temperatures obta ined over an 
18-hour peri od each day a t  the Marsha l l  rad i o  s ta t i on. 
2 .  Average temperature for the day obtained from a continuously 
record ing i nstrument 'Whose temperature probe measured tempera tur� 
at a four foot depth in the pond. 
3. As asured u s ing a millipore f i l ter appara tu s and a Reeve ' s 
Ange l  Glass Fiber Fi lter (Grade No. 9 34- AH) .  
APPENDIX I I  
Summary of Te st Re su l ts for Vari ous Tr ia l s  
Trial 1 - Wes t  Pond 
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Date at  Start of 
Inf luent Samp l ing 
Tue sday 
Nov. 2 1  
saturday 
Nov. 25  
Monday 
Nov. 27  
Tuesday 
Nov. 28 Average 
Flow to lagoon, 
mi l l ion ga l lons/day 
Detent ion time ,  days 
Average y ir tempera­
ture , OF 
Average �ond tempera­
ture , OF 
Inf luent BOD, mg/ 1 
Eff luent BOD, mg/ 1 
Fi l tered eff luent 
BOD, mg/ 1 3 
Inf luent COD, mg/ 1  
Eff luent COD, mg/ 1  
Fi l tered eff luent 
COD, mg/ 1 3 
Eff luent sus�ended 
sol i ds ,  mg/ 1 
Eff luent suspended 
comb�stib le sol i ds ,  
mg/ 1 
0 . 859 
2.32 
34 . 5 
48. 0 
563 
220 
17. 5 
1 1 22 
620 
7 1 . 0  
432 
335 
0. 69 8 
37 . 0  
46. 8 
658 
2 19 
13. 5 
1852 
582 
86. 5 
39 8 
310  
0. 848 
2. 34 
1 8. 5 
38 . 7 
5 7 5  
2 1 1  
1 7 . 5 
1 1 19 
5 78  
Y5. 0 
389 
304 
0 . 854 
2 . 33 
9 . 5 
4 / . 5 
5 1 3  
245 
3 1 . 0 
1079 
626 
76 . 0 
4 5 1  
339 
o. a1s 
2. 46 
24. 9  
45. 2 
577 
224 
19. 9 
1293 
602 
82. 1 
418  
322 
1 .  Average of max imum and minimum a i r  tempera tures obta ined over an 
18-hour per iod each day at the Marsha l l  rad io  sta t i on. 
2 . Average temperature for the day ob ta ined from a cont i nuously 
record ing i ns trument whose temperature probe  measure d  temperature 
a t  a four foot dep th i n  the pond. 
3. As measured u s i ng  a mi l l i pore f i l ter ap_para-tus and a Reeve ' s 
Ange l Glass Fiber Fi l ter (Grade No. 934- AH).  
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Summary of Test Resu l ts for Var i ous Tr ia l s  
Trial  2 
Date at  Start of Tuesday Wednesday Thursday 
Inf lue nt sa:nl? 1 1  !,t&, Jan. 23 Jan. 24 Jan. 25 Average 
Flow to lagoon, 
mi l l i on ga l lons/day 1 . 02s 1 . 00 6  0. 9 07 0. 980 
Detent ion t ime , days 1 . 94 1 . 98 2� 19 2. 04 
Average a ir tempera-
ture OF I 17 . 5 3 1 . 5  37 . 0  28 . 7 , 
Average P.ond tempera-
ture OF2 45 . 2  47 -. 1 48 . 5 46 . 9  , 
Inf luent BOD, mg/ 1  57 5  345 370  4 1 0  
Effluent BOD, mg/ 1 1 70  1 52 147 156  
Fi l tered eff luent 
BOD, mg/ 1 3 1 5 . 0  1 5 . 0 1 5 . 0  45 . 0  
Inf luent COD, mg/ 1 1 1 31 889 747 922 
Eff luent COD, mg/ 1 404 384 404 39 7  
Fi l tered eff luent 
COD, mg/ 1 3 83 . 5 83 . 0  94 . 5 87 . 0  
Effluent su�ended 
sol ids ,  mg/ 1 280 260 264 2 68 
Eff luent suspended 
combust ib le · so l i d s  
mg/ 1 3 21 6 192  1 .90 199 
1 .  Average o f  maximum and mi nimum a i r  temperature s ob ta ined over an 
1 8-hour per i od each day at the Marsha l l  rad io  stat i on. 
2.  Average temperature for the day obta i ned from a cont inuously 
record i ng instrument whose tern ers ture probe measured temperature 
at  a four foot dep th i n  the pond . · 
3 . As m asured u s i ng a mi l l ipore f i l ter apparatu s and a Reeve ' s 
Ange l  G lass Fiber Fi l ter (Grade No . 934- A-ij ) . 
APPEND IX I I 
summary of Te st Resu l t s  for Var i ous Trial s 
Tr ial 3 
Date at Sta.rt of 
Influent Sampl ing 
Flow to lagoon, 
mi 1 1  l on gal Ions/ day 
Detent ion t ime , days 
Average a ir tempera­
ture OFl , 
Average pond tempera- . 
ture , °F2 
Inf luent BOD, mg/ 1 
Eff luent BOD, mg/ 1  
Fi l tered eff luent 
BOD, mg/ 1 3 
Inf luent COD, mg/ 1 
Eff luent COD, mg/ 1 
F i l tered eff luent 
COD, mg/ 1 3 
Eff luent su�ended 
sol ids , mg/ 1  
Eff luent suspended 
combust ib le sol i ds ,  
mg/ 13 
Monday 
Jan. 29 
0 . 7 54 
2 . 64 
1 . 5 
40. 7 
9 7 8  
22 3 
1 5 . 0 
1035 
612· 
97 . 0  
390 
2Y 6 
Tuesday 
Jan. 30 
1 . 1 74 
1 . 70 
30 . 0  
42 . 8  
465 
251  
1 5 . 0 
1 1 1 5  
666 
101 . 5 
430 
332 
Wedne sday 
Jan. 31  
1 . 094 
1 . 85 
27 . 5 
45 . 0 
374 
240 
1 5 . 0 
9 1 6  
666 
106 . 5  
4 36 
338 
1 . 007 
2 . 06 
19 . 7  
42 . 8  
606 
2 38 
45. 0 
1 055 
648 
101 . 7  
4 19 
322 
1 .  Avarage o f  maximum and minimum a ir temperatures obtai ned over an 
18-hour per iod each day a t  the Marshal l rad i o  sta t i on. 
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2 .  Average temperature for the day obta ined from a cont i nuously 
record ing i nstrument whose temperature probe measured temperatur� 
at a f our foot depth i n  the pond . _ 
3 .  As easured us ing a mi l l ipore f i l ter appara tus and a Reeve' s 
Angel G lass Fiber Fi l ter (Grade i o. 9 34- AH ) . 
APPENDIX I I I  
Effect ive Tempera ture Convers ion Chart 
Wind Speed Actual · Temperature 
mph OF 
calm 30 - 20 1 0  0 - 10 - 20 - 30 
5 27 1 6  6 - 5  - 15 - 26 - 36 
10  16  4 -9  - 21 - 33 -46 - 58 
1 5  9 � 5  - 18 - 36 -45 - 58 -72 
20 4 - 10 -25  - 39 - 53 - 67 -82  
25 0 - 15 - 29 -44 - 59 - 74 -88 
30 - 2  - 18 - 33 -48 - 63 - 79 - 94 
35 -4 - 20 - 35 -49 - 67 - 82 -98 
Examp le : If  the actual temperature i s  - 10 and i t  i s  calm, the 
effect ive tempera ture i s  - 10.  
If  the actua l temperature is 10 and the wind speed i s  
7 . 5 m i le s  per hour , the effective temperature i s  
6 � (-9 )  
2 
Note : Convers ion chart obtained from the Environmenta l Sc ience 
Service s Adm i ni strat ion State Cl imotolog i st ,  South Dako ta 
State Univers i ty ,  Brook ings,  South Dakota . 
65 
